Abstract
Introduction and scope
In engineering practice there is a strong current need for a molecular thermodynamic model suitable to represent both volumetric and equilibrium properties of new refrigerants. In most cases these new refrigerants are mixtures of hydro-fluorocarbons and hydrocarbons. Mixtures are required because no pure fluid alternatives exist that can provide as high performance as those attained by refrigerants to be phased out because of environmental laws.
In a refrigeration cycle mutual solubility may occur between refrigerant and lubricant oil. This solubility can reduce dramatically the efficiency of a refrigeration plant. Lubricant oils modify the equilibrium pressure and the refrigerant composition, and may induce an undesired liquid-liquid phase split.
Therefore, the thermo-physical properties of mixtures of new refrigerants and lubricant oils are essential for proper design and operation of new refrigeration systems.
The phase equilibria of such mixtures has been addressed in the open literature only recently. w x Among others, a Flory-Huggins type model has been proposed by Thomas -describe both volumetric and equilibrium properties of pure-components and mixtures; -take into account the effect of long-chain molecules and Ž . -represent simultaneously VLE and liquid-liquid equilibria LLE . The poor volumetric behavior of cubic EOS and their inherent difficulties for describing both w x long-chain molecules and LLE is well known, as discussed in a previous paper 3 where models based on perturbation theories were shown to be more reliable due to their theoretical basis. To apply the MPHSC EOS to mixtures containing lubricant oils, a method for the calculation of pure oil parameters is required. For refrigerants, parameter values are obtained from experimental data. For oils, however, PVT data are available only at atmospheric pressure.
Ž . Extension to mixtures are discussed here; binary interaction parameters k are introduced to i j describe VLE and LLE of mixtures containing new-generation refrigerants and a lubricant oil.
The correlation presented in this work may be useful for improved design of new refrigeration systems.
Model w x
According to the MPHSC EOS, the expression of Chiew 6 for hard-sphere-chains is taken as the reference term, while the perturbation is described by the van der Waals attractive form:
where P is the pressure, T is the absolute temperature, r s NrV is the number density, N is the number of molecules, V is the volume of the system, k is the Boltzmann's constant, d is the Ž q . hard-sphere diameter and g d is the pair radial distribution function of hard-spheres at contact. 
Ž .
Three segment-based parameters appear in Eq. 1 : r is the number of segments per molecule, a reflects attractive forces between two non-bonded segments and b is the segment Van der Waals Ž . co-volume. Eq. 1 shows that the repulsive term accounts for chain connectivity. w x Expressions for a and b are obtained by applying the method of Song and Mason 7 :
where´is the depth of the minimum in the pair potential and s is the separation distance between segment centers at this minimum. F and F are universal function of the reduced temperature kTr´; a b they are determined from thermodynamic properties of argon and methane over large ranges of w x temperature and density and are expressed by empirical equations, given by Song et al. 4 . For argon and methane, r s 1.
The MPHSC EOS for simple fluids contains two parameters: s and´rk. For molecular fluids and Ž . chainlike molecules, a third parameter r is needed. It is convenient to redefine these parameters through a characteristic volume, V U , a characteristic surface area, A U and a characteristic «cohesive» energy, E U , per mole of molecules:
where N and R are Avogadro's and the universal gas constants.
A g Pure-component parameters are molecular quantities that reflect the size, shape and interaction energy of the molecule.
For refrigerants, expressions for V U and A U are given as a function of the Bondi volume and w x U surface area based on thermodynamic data as given in Ref. 5 , while E is specific to reproduce the vapor pressure at the temperature of interest. The contribution of permanent dipole-and quadrupolemoments of refrigerants are not specifically taken into consideration in the model itself: the van der Waals attractive term accounts for such effects. Since experimental data are insufficient for determining the EOS parameters for the oil, a group-contribution method was developed based on vapor pressure and liquid density data for a large number of ordinary molecular weight compounds containing the functional groups needed to represent w x the oil 8 . This method is used to establish lubricant oil parameters.
Extension of the MPHSC EOS to mixtures is obtained by applying mixing rules to the EOS w x parameters, leading to the following equation 9 : The molecular weight range of typical lubricant oils is not so high as to allow the assumption of an w x infinite number of segments, as it is for high-molecular weight polymers 4 .
For each pair of components, two parameters a and b are needed: they are obtained by
Ž . extensions of Eqs. 2 and 3 :
Ž .
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Values for k 's are regressed from experimental binary VLE data.
i j
Calculation methods
Ž . Ž . Eqs. 1 -11 utilize a pressure-explicit EOS. For phase equilibrium calculations, we want the Helmholtz energy because we can then obtain all relevant thermodynamic properties by simple partial differentiation. Equations for the chemical potential and thermodynamic subroutine details are reported elsewhere w x 5 .
For LLE, a Gibbs tangent plane stability test has been implemented, according to the method w x proposed by Michelsen 12, 13 . This test distinguishes between stable and unstable regions of the liquid phase and provides an initial estimate for the LLE flash calculation robust enough to avoid undesirable trivial solutions. Table 1 shows pure-component parameters for refrigerants and lubricant oils as needed for VLE and LLE calculations. Table 1 are updated by fitting to new experimental data 18,19 . To check the reliability w x of the group-contribution approach developed by Elvassore et al. 8 for lubricant oils, Fig. 1 shows the liquid density of a POE as a function of temperature. The prediction is satisfactory. The error is larger at lower temperature, probably because the energetic parameter is taken to be independent of temperature. Table 2 and Figs. 2-4 , VLE calculations are reported for mixtures containing a refrigerant and a POE lubricant over wide temperature and concentration ranges. A single interaction parameter k is i j able to reproduce very well all data for a single system.
Results
For the system R32-POE, the thermodynamic condition for LLE is checked. First, the occurrence of two liquid phases is detected as a function of temperature, pressure and k value, as shown in Fig. i j 5. Then, the LLE curve is compared to experimental measurements in Fig. 6 . It is remarkable that, by using the value of k regressed in VLE calculations, satisfactory agreement is obtained.
i j
The good results obtained suggest that the physical significance of the EOS and of the parameters give a good phenomenological representation of phase behavior for the systems of interest here.
Conclusions
Calculations of phase equilibria are presented for mixtures containing hydro-fluoro-carbons and lubricant oils. They are based on a MPHSC EOS.
Pure oil parameters were evaluated by a predictive group-contribution method. With these values, the oil density could be predicted satisfactorily.
The ability of the proposed EOS for calculating VLE and LLE of binary systems was shown; for all cases considered, a single value of the only binary interaction parameter was able to reproduce with good accuracy the experimental data in a relatively wide temperature range.
To confirm these promising results, the model needs to be checked with a larger data base of phase equilibrium data for the mixtures of interest. 
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